, in good agreement with the reported signature of the E2 electron trap assigned to Fe. The concentration of the filled centers determined from C-V was close to the concentration of residual shallow donors in undoped materials. Photoinduced current transient spectroscopy measurements showed that Fe doping does not promote the generation of high densities of deep traps other than those related to Fe. Published by AIP Publishing. https://doi.org/10.1063/1.5051986 b-Ga 2 O 3 is rapidly emerging as a next generation widebandgap material with very promising properties for use in high-power/high-temperature transparent field effect transistors (FETs) and rectifiers. [1] [2] [3] The large direct bandgap of 4.8 eV, high electric breakdown field of 8 MV/cm, and high electron saturation velocity of $2 Â 10 7 cm/s combined with the availability of the high crystalline quality (dislocation density < 10 4 cm
À2
) bulk and epitaxial n-type material have led to demonstrations of power rectifiers, 2, 3 metal-semiconductor field effect transistors (MESFETs), [4] [5] [6] FETs with insulated gate (MISFETs), 7, 8 nanobelt back-gated MISFETs, 9, 10 and heterojunction nanobelt JFETs 11 with excellent characteristics. A key building block in lateral FET applications is a high resistivity buffer. Since undoped crystals and films of b-Ga 2 O 3 are commonly n-type, with electrons provided by Sn, Si, or Ge doping, 2 deep compensating acceptors at concentrations higher than those of the residual donors are required in order to pin the Fermi level far away from the conduction band edge in semiinsulating buffers. Currently, two acceptor impurities, Fe and Mg, have been successfully employed to compensate the residual n-type conductivity in bulk crystals and epitaxial films of b-Ga 2 O 3 used as semi-insulating buffers in FETs. [12] [13] [14] [15] [16] Theory predicts Mg to occupy two Ga sites and to form deep acceptor states near E v þ 1.27 eV and E v þ 1.06 eV, respectively. 15 Strong complexing of the Mg with hydrogen donors and with Ir contamination from crucibles has been reported. 15 Fe ions in b-Ga 2 O 3 are known to occupy the two nonequivalent Ga(I) and Ga(II) sites, with Fe in the Ga(II) site being the dominant species. [16] [17] [18] The respective levels in the bandgap are expected to be close to each other and located in the vicinity of E c À0.6 eV. 16 High temperature Hall measurements on Ga 2 O 3 (Fe) showed an acceptor level at E C À0.86 eV, 19 with the material remaining weakly n-type at 400 K and not all the Fe being electrically active. Deep level transient spectroscopy (DLTS) of bulk Czochralski grown bGa 2 O 3 crystals revealed dominant electron traps with levels near E c À(0.74-0.82) eV, so-called E2 traps believed to be major compensating centers in the bulk material. [18] [19] [20] For Halide Vapor Phase Epitaxy (HVPE) films, a good correlation was observed between the density of the E2 traps and the concentration of Fe, while the E2 concentration did not change upon proton irradiation. 21 This suggested that the E2 traps could correspond to the charge transfer level Fe 2þ /Fe 3þ in b-Ga 2 O 3 . 20 In contrast, the density of other traps with levels close to E2, so called E2* traps, rapidly increased with proton irradiation, 19, 20 indicating that native defects participate in their formation. Once the concentration of Fe doping in edge-defined film-fed grown (EFG) bulk crystals exceeded the concentration of residual donors ($2 Â 10 17 cm
À3
), the material becomes semi-insulating (SI), with a room temperature resistivity of $10 12 X cm. 22 Fe doped EFG SI substrates are commercially available 22 and have been used as buffers to fabricate b-Ga 2 O 3 FETs. 7 However, electron trapping in the buffers of such FETs is a concern and gives rise to prominent current collapse. 7 Analysis of the transient behavior of FETs indicates the participation of traps similar to the E2 traps and suggests that more work is needed on the position of Fermi level pinning in the material, the concentration of traps pinning the Fermi level and filled with electrons, and finally, the spectra of other deep traps present in the SI material. In this letter, we report these properties in EFG SIGa 2 O 3 doped with Fe.
The (010) crystals were acquired from Tamura Corp. Published by AIP Publishing. 113, 142102-1 50 nm) in a vacuum of 2 Â 10 À7 Torr annealed at 470 C for 1.5 min in N 2 . Using this technique, two Ohmic contacts strips with dimensions of 7 Â 2 mm 2 and the whole area back contact were formed. Schottky diodes on another type of structure were prepared by Ni deposition through a shadow mask (Ni thickness: 20 nm; diameter of the diodes: 1.25 mm), with the annealed Ti/Au as a back Ohmic contact.
The current voltage (I-V) and temperature dependence of current (I-T) in the sandwich arrangement of the Ohmic contacts (i.e., between one of the top Ohmic contacts and the bottom contact) were measured from 77-400 K (Oxford Instruments gas-flow cryostat) or 290-470 K (hot stage). For the Schottky diodes, we measured I-V characteristics in the dark and under illumination with high-power (optical power 250 mW) light emitting diodes (LEDs) (wavelength from 940 nm to 365 nm), capacitance versus frequency (C-f) characteristics in the dark and under illumination, C-V characteristics, capacitance-temperature at different frequencies (admittance spectra), and photoinduced current transient spectra (PICTS). 23 For these experiments, an automated setup based on B2902A current/voltage source/meter, E4980A LCR meter (Keysight Technology, USA), was used. 24, 25 The current could be measured with a resolution of 100 fA at voltages up to 100 V; in current relaxation measurements in PICTS, the entire photocurrent relaxation curve was monitored and stored at each temperature point, the temperature ramp was typically 1 K/min, the temperature step was typically 0.1 K, the temperature was controlled and regulated with an accuracy of 0.1 K, and the lowest time step during the relaxation curves measurements was 0.1 ms. The capacitance was measured in the frequency range of 20 Hz-1 MHz. Due the high series resistance of the diodes, the series equivalent circuit was used and C-V measurements were performed at frequencies where the capacitance approached a plateau and the quality factor was >2.
The I-V characteristics of the Ohmic contacts were quite linear for !300 K. The resistivity was estimated from measurements between one of the top contacts and the bottom contact, and it was similar for both contacts and was 2.5 Â 10 11 X cm at 300 K and 1.6 Â 10 7 X cm at 430 K, assuming that the sample is electrically uniform and taking into account the contact geometry. The room temperature value corresponds to an Fe concentration of $5 Â 10 17 cm
. 23 The temperature dependence of current was exponential, with an activation energy of 0. 20 For the Schottky diodes, the I-V characteristics at 300 K showed no rectification because the current was determined by the series resistance of the quasi-neutral region. At high temperatures, the rectification was as expected for a Schottky diode on a high-resistivity n-type material. Illumination with intense light produced measurable photocurrent and the I-V curve showed a positive open-circuit voltage [the 460 K I-V curve measured in the dark and under illumination with highpower LED with a peak photon energy of 3.4 eV is shown in Fig. 2(a) ]. Measurements of the spectral dependence of photocurrent normalized to dark current showed an optical threshold near 1.5 eV and a strong photocurrent band with the optical threshold between 2 eV and 2.3 eV [ Fig. 2(b) ]. The lower threshold is likely due to electron excitation over the Schottky barrier. The 2.3 eV optical threshold is close to the one observed in deep level optical spectroscopy (DLOS) 19 and in photocapacitance/light C-V spectra of lightly doped ntype samples 19, 21, 25 and was attributed to unidentified deep acceptor states near E c À2 eV. 19 These Schottky diodes displayed a measurable capacitance at low frequencies, and the C-f characteristics showed a plateau for frequencies up to 100 Hz at 460 K [ Fig. 3(a) ]. As the temperature decreased, the capacitance first did not change and then decreased, showing a step [see the inset in Fig. 3(a) ]. The temperature corresponding to the middle of the step became lower as the measurement frequency decreased, as expected in admittance spectroscopy. . These are in good agreement with the reported signature of the E2 electron trap assigned to Fe. 19 The space charge in capacitance measurements on these high-resistivity Schottky diodes is due to the difference in occupation of the E2 traps in the quasi-neutral region (these deep acceptors are partly filled with electrons coming from the shallow donors) and in the space charge region where the E2 traps are empty. The step in capacitance appears as a result of electrons on the traps not being able to follow the probing frequency. 26 Then, in C-V characteristics measured at low frequencies on the plateau in C-f dependence, the slope of 1/C 2 À V yields the concentration of electrons residing on the E2 traps. Such 1/C 2 (V) plots are shown for two diodes in Fig. 3(c) cm À3 for the other). The concentrations in both regions differ by about 1.3 times for the two Schottky diodes, indicating local differences in the residual donor concentrations in the sample.
Illumination produced an increase in photocapacitance and in the C-V concentration due to the ionization of deeper traps. The changes in photocapacitance started for photon energies >2 eV. Figure 3 À3 within four Schottky diodes measured. This is due to the ionization of the acceptors with optical excitation threshold near 2.3 eV, similar to the E c À 2 eV acceptors in DLOS. 18 The acceptor concentrations are about an order of magnitude higher than the concentrations of the E c À 2 eV traps deduced for bulk n-Ga 2 O 3 samples by DLOS/photocapacitance. 19 We also examined whether E2 traps were the only prominent deep centers present because heavy Fe doping can promote the formation of other defects. This was done by measurements of PICTS spectra. 23, 24 With 3.4 eV excitation, measurements were done at a reverse bias of À10 V and the peaks in the spectra obtained by plotting the difference in the transient current values at time windows t 1 and t 2 (t 2 ) t 1 ) after the end of the pulse. With DI ¼ I(t 1 ) À I(t 2 ), the signal was normalized to the steady-state photocurrent I ph during the pulse to account for the product of mobility and lifetime variation with temperature. 23, 24 Measurable photocurrent was only obtained for temperatures >300 K. The spectra displayed a single well defined peak (Fig. 4) allowing determination of the energy level position and the carrier capture cross section from the Arrhenius plot of 1/(sT 2 ) versus 1000/ T (T is the temperature of the peak for time windows set of t 1 and t 2 , s ¼ 1/t 1 23,24 ). This Arrhenius plot is shown in Fig.  3(b) together with the plots derived from C-T measurements. The activation energies were in the range E a ¼ (0.75-0.82) eV, with cross sections of (1-3) Â 10 À16 cm 2 . The activation energies are close to those determined from C-T measurements, while the capture cross sections are lower, possibly a consequence of the difference in measurement techniques. 23, 24 Capture cross sections determined from C-T should be closer to the trap parameters calculated from DLTS spectra. Both in C-T and in PICTS, we observe the same dominant center that pins the Fermi level in the SI bGa 2 O 3 and is responsible for the activation energy of 0.85 eV in Ohmic conductivity. The parameters of the center deduced from C-T measurements are close to those of the E2 electron trap attributed to Fe. 20 In undoped or lightly doped n- 18, 19 although in some bulk or HVPE samples, the E3 concentration is comparable to E2. 18, 21 These traps are known to be related to native point defects produced by irradiation. 21 In the PICTS spectra, we do not see indications of the presence of these additional traps in quantities comparable to the density of the dominant trap, which suggests that the incorporation of a high concentration of Fe does not provoke the formation of lattice defects giving rise to the E1 and E3 centers.
Hole traps in undoped or lightly doped n-Ga 2 O 3 are mainly of two kinds, with an optical threshold of 2.1-2.3 eV (our E c À2 eV traps) observed in DLOS/photocapacitance/ light C-V spectra with a concentration of $10 15 cm À3 and hole traps near E v þ (1.3-1.4) eV (H3 traps 27 ) observable by optical DLTS and light C-V measurements. 27 The latter traps were not seen in our PICTS spectra, suggesting that their concentration is low compared to that of the main center introduced by Fe doping. While the hole emission from the E c À2 eV hole traps cannot be detected by PICTS in our temperature region, these most likely are the traps giving rise to the photocapacitance and photocurrent of the Schottky diodes at high temperatures. Their concentration is higher than in undoped bulk crystals, $10 16 cm
, which could be related to defect formation upon Fe doping. 28 In conclusion, heavy Fe doping used to obtain semiinsulating bulk b-Ga 2 O 3 does not induce the formation of high densities of deep electron and hole traps other than the center near E c À 0.8 eV ascribed to Fe. With the high Fe concentrations used to compensate shallow donors in bulk undoped EFG crystals, the density of the empty Fe states available for trapping in FETs on these buffers will always produce current collapse in the pulsed operation mode. The situation might be improved by using HVPE buffers with a lower residual donor concentration grown on bulk SI-Ga 2 O 3 (Fe) substrates. 21 If doped with Fe to achieve high resistivity, such buffers would require much lower Fe concentration and mitigate trapping. 
